Background. Whipple's disease (WD) is a rare infection with Tropheryma whipplei that is fatal if untreated. Diagnosis is challenging and currently based on invasive sampling. In a case of WD diagnosed from a kidney biopsy, we observed morphologically-intact bacteria within the glomerular capsular space and tubular lumens. This raised the questions of whether renal filtration of bacteria is common in WD and whether polymerase chain reaction (PCR) testing of urine might serve as a diagnostic test for WD.
Whipple's disease (WD) is a rare bacterial infection caused by Tropheryma whipplei that is usually fatal if untreated. Classical WD is a systemic infection associated with polyarthritis, chronic diarrhea, weight loss, and fever [1] [2] [3] . T. whipplei infection may, however, affect almost every organ or can be confined also to isolated organs (eg, joints, heart valves, skin) [4] [5] [6] [7] . Consequently, symptoms may vary substantially depending on the location of infection and the immunologic host response, and may even present without any intestinal involvement. The key challenge for diagnosis is, therefore, rapid detection of the pathogen. To date, many patients receive diagnoses only years after onset of symptoms and, until then, are treated incorrectly for various other disorders [1, 8, 9] .
Sample specimens for the diagnosis of WD are usually biopsies from the affected organs. Diagnosis is based on periodic acid-Schiff (PAS)-positive macrophages in biopsies and must be confirmed by an independent, specific method such as polymerase chain reaction (PCR) [1, [10] [11] [12] [13] [14] [15] . In extra-intestinal WD, PCR can be more sensitive than histology [16] . Often, sampling of the affected organ is difficult or impossible: for example, in endocarditis. Stool and saliva have been suggested as diagnostic materials, since the prevalence and load of T. whipplei are far higher in samples from WD patients than from healthy subjects [5, 13, 17] . However, positive results are not a conclusive proof of infection-as opposed to direct detection of T. whipplei deoxyribonucleic acid (DNA) in affected organs-since asymptomatic carriage exists. The prevalence of healthy carriers with positive PCR results in their stool has been estimated to be >4% and even up to 12% in high-risk groups (ie, sewage workers or homeless people) for direct or indirect fecal-oral transmission [13, 18] . A very high prevalence (up to 75%) in stool samples of children under 5 years old has been reported for rural Senegal [19] . While diagnosis of WD is challenging, the disease usually can be successfully treated by antibiotic therapy if diagnosed early enough [20, 21] . Therefore, a non-invasive and safe approach to guide diagnosis of this deadly infection is highly desirable. Our aim was to assess whether PCR testing for T. whipplei DNA in urine could serve as diagnostic test in WD.
CASE REPORT
A 70-year-old man presented with weight loss, arthralgia, and a disturbance of short-term memory. He reported weight loss of 10 kg during the last 7 months, as well as listlessness, anhedonia, fatigue, and night sweats. During the past 6 years, he had been treated for seronegative rheumatoid arthritis with steroids, methotrexate, and leflunomide, without significant effect.
On physical examination, the patient was in a reduced general condition and cachectic (body mass index 18.5). He was afebrile and hemodynamically stable. Laboratory work-up demonstrated anemia (hemoglobin 9.4 g/dl), thrombocytopenia (platelets of 129 x 10 9 /l), and an elevated C-reactive protein level (95 mg/l). Bone scintigraphy and magnetic resonance imaging showed active, bilateral sacroiliitis. Re-assessment for an infectious cause included repeated blood cultures (extended incubation for 4 weeks), PCR for Chlamydia trachomatis from urine, an interferon gamma release assay, and serologic testing for Herpes simplex virus, Epstein Barr virus, cytomegalovirus, varizella-zoster virus, brucellosis, borreliosis, and syphilis, none of which provided evidence for an active infection.
Human leukocyte antigen (HLA) B27-negative spondyloarthritis was suspected and treatment with 50 mg weekly of Etanercept was started. Progressive thrombocytopenia (59 x 10 9 /l) and persistent systemic inflammation developed. Rising creatinine from normal values to 2.1 mg/dl finally led to the performance of a renal biopsy. A histologic examination of the biopsy showed mild glomerulopathy of a post-/parainfectious type with additional, strongly PAS-positive particles within the glomerular capsular space, the cytoplasm of some glomerular and tubular epithelial cells, and a few interstitial cells (Figure 1) . A PAS stain is routinely used as part of the workup of a renal biopsy. An electron microscopy revealed rod-shaped, 150 nm thick and up to 1.1 µm long structures bounded by a trilaminar wall, highly suggestive for bacteria, in the glomerular capsular space and in tubular lumens ( Figure 2) . A 16S ribosomal ribonucleic acid (rRNA)-gene PCR and sequence analysis, as well as specific quantitative real-time PCR, identified T. whipplei in high concentrations in the renal biopsy. This was confirmed by specific fluorescence in situ hybridization (FISH; Figure 3 ). Despite suspected central nervous system involvement, cardiac magnetic resonance imaging was normal and the cerebral spinal fluid was negative for T. whipplei DNA. Genotyping of the T. whipplei DNA isolated from both urine and renal biopsy tissue uniformly identified genotype 19, indicating that the patient was suffering from classical WD with a common T. whipplei strain [22] .
Upon diagnosis of WD, ceftriaxone was given intravenously for 14 days, followed by trimethoprim-sulfamethoxazole at 480 mg twice daily, with the dose adjusted to the current renal impairment. This led to a slow but dramatic clinical improvement with normalized C-reactive protein and blood parameters. The renal function recovered with a decrease of serum creatinine to 1.5 mg/dl, and the arthritis dissolved.
The observation of bacteria within the glomerular capsular space and in proximal tubular lumens (ie, in the primary urine) led to the hypothesis that T. whipplei could pass through the glomerular filter without destroying it. This raised the questions of whether (1) renal filtration of bacteria is a common event in WD and (2) PCR testing of urine might thus serve as a diagnostic test for the diagnosis of WD, even in patients without renal dysfunction. 
MATERIALS AND METHODS

Study Design
Between August 2013 and June 2015, 70 potentially-eligible participants were included in this study (see Table 1 and Supplementary Figure S1 ). Out of these, WD was clinically considered a differential diagnosis in 27 participants, but no laboratory finding supported the diagnosis, and therefore they were grouped to the controls. Samples from all remaining 43 participants, including the index patient, were referred to the German Consiliary Laboratory (Deutsches Herzzentrum Berlin) and Charité-Universitätsmedizin Berlin for Tropheryma whipplei testing and were categorized into 3 groups according to their treatment status (Table 1) : Group 1 consisted of newly-diagnosed WD patients who received no antibiotic treatment (n = 12), Group 2 consisted of newly-diagnosed WD patients who received a short-term antibiotic treatment (up to 14 days, n = 10), and Group 3 consisted of patients who had received treatment previously for 3-12 months (n = 21).
All patients were asked as soon as possible after diagnosis to send their first-void urine and matched stool samples for an extended diagnostic work-up and molecular analysis. For most of the WD patients, creatinine and urea nitrogen levels in the blood were assessed (see Supplementary Table S1 ).
In total, 110 subjects were included as controls in the study and were divided into 3 further groups: Group 4 consisted of patients for whom a diagnosis of WD was excluded due to negative findings in diverse materials (n = 27 as mentioned above); Group 5 consisted of patients with acute gastroenteritis (n = 43); and Group 6 consisted of healthy volunteers (n = 40).
The study was approved by the Clinical Ethics Committee of the Charité. All authors vouch for the completeness and accuracy of the data and analyses. 
Patients and Procedures
As defined previously [23] , for diagnosis of WD we required at least 2 positive results from 1 relevant material, with positive results coming from either T. whipplei-specific PCR, PAS, or immunohistochemistry (from the best single molecular and morphological tests), in combination with clinical symptoms.
For definitive identification of the pathogen in our hands, we pursued a positive PCR of the RNA polymerase beta subunit gene (rpoB) from at least 1 relevant material, plus partial 16S rRNA gene sequencing [12] .
Clinical information, as well as results of the index test and reference standard results, were available to the performers of the index test within the routine diagnostic procedures (see Supplementary Table S1 ).
Tissue and fluid samples were investigated by PAS staining and T. whipplei-specific immunohistochemistry, as described previously [24] . For FISH, tissue was fixed and embedded in cold polymerizing methacrylate resin, sectioned, and hybridized with the pan-bacterial probe EUB338 FITC , T. whippleispecific FISH probe REWHIP Cy3 , nonsense probe NON338 Cy5 , and nucleic acid stain 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) [25] [26] [27] . Microscopic evaluations of the FISH signals in the histological tissue sections were carried out by epifluorescence microscopy.
In selected cases, FISH was applied to directly visualize and identify intact bacteria in situ and in urine sediments [26] . Here, up to 10 ml of first-void urine was centrifuged, fixed, and analyzed by FISH, as described before [28] .
The presence of T. whipplei DNA in urine samples was determined for all patient and control specimens by real-time rpoB-PCR with hybridization probes, as reported previously [12] . The genotype of T. whipplei from the index patient was further characterized based on 4 highly-variable regions, as described previously [22] .
A statistic analysis was performed with a prism graph pad per Fisher´s exact test.
RESULTS
Tropheryma whipplei in Kidney Tissue From the Index Patient
PAS staining showed few typical PAS-positive macrophages ( Figure 1 ) and several PAS-positive particles in the glomerular urinary space, the cytoplasm of some glomerular and tubular epithelial cells, and in some tubuli (Figure 1 ). Electron microscopy revealed rod-shaped bacteria in the glomerular urinary space and in the tubular lumens as single cells or in clusters (Figure 2 ). Broad-range 16S rRNA-gene PCR and a subsequent sequence analysis unambiguously identified T. whipplei and T. whippleispecific immunohistochemistry-confirmed infections with T. whipplei (Figure 3 ; immunohistochemistry antibody kindly provided by D. Raoult). Within immunohistochemistry-positive areas, single, morphologically-intact T. whipplei cells were visualized by the T. whipplei-specific FISH probe (Figure 3) . The strong FISH signal indicated a high content of ribosomal RNA and, therefore, presumably, active cells (Figure 3 ) [29] [30] [31] . Single FISH-positive rods were also observed in the tubuli (Figure 4 ). All bacteria stained by the pan-bacterial probe EUB338 FITC were also detected by the T. whipplei-specific probe, indicating no additional species, and no signal was obtained with the nonsense probe NON338 Cy5 (data not shown).
Detection of Tropheryma whipplei in Urine by PCR and FISH
We detected T. whipplei DNA in 9 out of 12 urine samples from newly-diagnosed WD patients (Group 1) and 2 out of 10 patients after brief treatment (Group 2; Table 1 ). Upon antibiotic treatment for more than 3 months (Group 3), we found T. whipplei DNA in the urine of only 1 patient out of 31 ( Table 2) . Real-time PCR showed clearly positive results in duplicate in all positive cases, with crossing point values between 24.3 and 40.0 and typical melting curves.
In contrast, stool specimens in 6 out of 8 of the briefly-treated patients (Group 2) and 5 out of 21 of the long-term-treated patients (Group 3) still showed a positive PCR.
The urine of all patients in whom WD was excluded (Group 4) was negative for T. whipplei DNA. The same was true for patients with acute gastroenteritis (Group 5) and healthy volunteers (Group 6). Interestingly, these included 11 cases of healthy carriers whose stool samples were positive for T. whipplei at the same sampling time.
FISH visualized T. whipplei in the urine sediment of 3 WD patients ( Figure 4 ). Of these, 1 patient had not received any previous antibiotic treatment at the time of sampling, while another patient had been treated for 7 days with intravenous ceftriaxone.
In Group 1, 1 patient with culture-negative endocarditis was diagnosed by pan-bacterial 16S rRNA-gene PCR and sequencing of the heart valve tissue. FISH visualized high numbers of T. whipplei cells within the tissue (Supplementary Figure S2) . While in this case the stool samples were negative for T. whipplei and duodenal biopsies were not available, PCR detected T. whipplei from urine.
Statistical Analysis
The calculations of diagnostic accuracy measures of the urine testing in the initial diagnoses of WD results of patients from Group 1 versus Groups 4-6 resulted in a positive predictive value of 1 (95% confidence interval [CI] 0.70-1) and a negative predictive value of 0.97 (95% CI 0.92-0.99); however, these calculations are based on small patient numbers. Therefore, we calculated the relative risks for patients from Group 1 (n = 12) versus Groups 4-6 (n = 110) in Table 1 . A positive T. whippleispecific PCR from the urine before any antibiotic treatment was associated with a relative risk of WD of 37.67 (P value <.0001; 95% CI 12.33-115.1).
DISCUSSION
To our knowledge, the index patient represents the first case of T. whipplei infection of the kidney leading to renal failure that was diagnosed by histologic, ultrastructural, and molecular biological findings. Previous reports have shown possible renal involvement that could not finally be proven due to a lack of appropriate diagnostic techniques [32, 33] . Our index patient was misdiagnosed as having "seronegative rheumatoid arthritis" for years, and the immunosuppressive therapy probably led to massive bacterial growth. The impressive amount of T. whipplei bacteria within the glomerular capsular space (ie, in the primary urine) and the detection of active bacteria by FISH in the kidney tissue prompted the idea to test the urine for the presence of T. whipplei DNA, even in patients with normal renal functions.
Here, we describe the detection of T. whipplei DNA in 9 out of 12 urine samples from WD patients at initial diagnosis. In 3 cases, no T. whipplei DNA was found in the urine and, interestingly, the gastrointestinal tract samples of all 3 patients showed no granular PAS-positive macrophages. In these 3 cases, the diagnosis was established either by puncture of a hip prosthesis, by a lymph node biopsy, or in synovial fluid from a knee, raising the question of whether there was intestinal involvement as in "classical" WD or whether these were cases of localized infections.
T. whipplei was detected in the urine but not the stool sample from another patient with T. whipplei endocarditis. This 59-yearold male patient had been treated for rheumatoid arthritis for 6 years. WD had been missed by conventional endocarditis diagnostic tests (culture and serology). Since T. whipplei is among the most abundant infectious agents in culture-negative infective endocarditis, urine testing before open-heart surgery may prevent treatment with the wrong empirical antibiotics, guide diagnostic algorithms, and be lifesaving [4] .
Since the molecular diagnosis of WD is possible, we learned that a large proportion of patients do not present with gastrointestinal symptoms, as in "classical" WD, but with a variety of symptoms, such as joint pain, weight loss, abdominal pain, lymphadenopathy, or fever. For these cases, it has been shown that gastrointestinal biopsies may miss WD, in particular in cases when the intestine is not the focus of symptoms and the biopsies have to be taken blindly [16] . In these extra-intestinal cases, a positive urine sample would have great impact on the initial diagnosis of WD, whereas stool testing alone would have led to a false suspicion for WD in 11.5% in our cohort (stool positive without WD, Table 1 ). We do not expect that the kidneys are always involved in WD to an extent that it is clinically obvious (eg, by elevated serum creatinine levels) and other symptoms usually predominate (see Supplementary Table S1 ). But it seems that T. whipplei is filtrated into urine if the cell numbers are high enough. In case of detection of PAS-positive macrophages and/or PAS-positive particles in the bowman's space, we recommend a molecular work-up of the sample to exclude or to confirm T. whipplei. Upon beginning antibiotic treatment, the detection rate of T. whipplei DNA in urine seems to drop quickly ( Table 2 ). This is in clear contrast to the detection rate of T. whipplei DNA in stool samples that cannot discriminate untreated and shortterm-treated patients. Only 1 patient of Group 3, who had a routine follow-up to exclude recurrence of the disease, had positive findings in the urine, without any clinical signs or hints from any other specimen for a relapse. This patient is currently being closely monitored. The rapid decrease of the detection of T. whipplei in urine under therapy possibly explains the results of other studies that tested only 3 of 8 urine samples as positive in PCR from confirmed WD patients [13] or 6 out of 890 urine samples from suspected WD patients [17] .
All urine samples from the 110 control patients were negative. These controls included 11 healthy carriers with stool samples positive for T. whipplei at the identical sampling time. In contrast, a large proportion (9 of 12) of the urine samples from the initially-diagnosed WD patients were clearly positive for T. whipplei DNA. In our study, the detection of T. whipplei DNA in the urine of untreated patients correlated in all cases with WD.
To date, the early diagnosis of WD remains a challenge and invasive sampling is mandatory. Positive results from stools and saliva are difficult to interpret. Therefore, urine seems to be promising, since (1) it is easier to obtain than biopsies, (2) it is less loaded with the highly-diverse microbiota that are present in stools and hamper molecular detection of a specific pathogen, (3) urine samples are easier to standardize than stool samples since the T. whipplei load in the urine does not depend upon food intake, and (4) the detection of bacteria in urine indicates glomerular filtration from the blood, and thus might distinguish infected individuals from healthy carriers.
The potential of urine both for the exclusion of WD and for monitoring the effect of antibiotic therapy needs to be further investigated: for example, with regard to its relevance in the distinction of persistent or recurrent WD from immune reconstitution inflammatory syndrome [34] . Our results also raise questions about the role of the kidneys in WD. In addition to our index patient, who had impaired renal function that was likely caused by T. whipplei, some other WD patients also had elevated values for serum creatinine and blood urea nitrogen and 1 patient required kidney transplantation (patient 24, Supplementary Table S1 ). However, it was not possible to directly correlate a positive finding of T. whipplei DNA in the urine to the impaired renal function as seen by serum creatinine, estimated glomerular filtration rate (eGFR), and urea nitrogen levels. There were 8 patients from Group 1 with T. whipplei positive urine samples who had a normal renal function based on serum creatinine, and only 1 had a reduced eGFR. This implies that these 8 patients were not necessarily suffering from a real renal manifestation of WD, in terms of infection and the destruction of resident renal cells. Rather, it could be that active T. whipplei bacteria pass the glomerular filter without the relevant destruction of renal tissue. The exact mechanism of this phenomenon, of course, remains to be elucidated in future studies.
We would not recommend screening for T. whipplei by any sample type, because this would generate too many suspected cases and invasive sampling in a disease with an estimated incidence of 1:1 000 000. However, if a patient has a positive T. whipplei result in any sample, we recommend a staging, ideally before the start of therapy, to estimate the distribution and extent of the disease, including cerebrospinal fluid, duodenal biopsies, and urine tests. An initial staging helps to interpret any worsening of symptoms and may become important later for the detection of relapses and to differentiate between infection and immune reconstitution inflammatory syndrome.
WD has a very low prevalence, but is fatal if missed and has far-reaching impacts on the patient upon diagnosis, such as requiring the administration of antibiotic therapy for several months [35] . Therefore, invasive sampling for diagnostic material must be initiated, but it should be based on reasonable suspicion. Here, we provide evidence that urine testing for T. whipplei DNA can serve as a new, non-invasive test for the detection of WD. In particular, in extra-intestinal WD, urine is an important additional, easy-to-access material that can be tested by PCR for T. whipplei DNA before more invasive procedures need to be undertaken, which enables more patients to receive appropriate and life-saving therapies in time.
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